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SUMMARY 
This work seeks to develop a theoretical framework for using concentrated solar 
irradiation to drive in-situ resource utilization processes, which are required for fiscally 
feasible lunar missions. The thermal extraction of volatiles, primarily H2O, and 
thermochemical processing of lunar regolith to extract O2 are explored in this work.  
Models are presented explore equilibrium compositions as a function of temperature 
at lunar pressure, specifically for O2, H2O, and metals and metalloids. Predictions for 
potentially harmful toxins are also presented, due to the presence of volatiles other than 
water in lunar permanently shadowed regions, in order to examine if dangerous amounts 
of toxins will be released during extraction of H2O from the lunar regolith. A simplified 
model of the solar resources available on the Moon is also presented, which, though 
simplified, can provide insight into where in-situ resource utilization facilities should be 
placed to utilize the solar resources most effectively. Both these models are used to suggest 
specific concentrating infrastructure for use for specific. 
The results of some preliminary proof-of concept experiments are also presented. 
Thermodynamic analysis experiments with lunar regolith simulants suggests that the 
thermal extraction of H2O is, in fact, possible. Composition and structure of regolith 
simulants before and after thermodynamic analysis, as determined by x-ray diffraction, are 
presented. The desorption energies of lunar regolith simulants is presented, determined by 
leading edge analysis of temperature programmed desorption. 
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CHAPTER 1. INTRODUCTION 
1.1 Motivation 
 Humanity is moving to go “Forward to the Moon.” Eventually establishing a 
permanent human base on the lunar surface [1] and using it as a launch point for missions 
to Mars [2], requires that many exploration related problems be solved. The establishment 
of a base on the Moon is fraught with challenges and perils to human survival at the most 
basic level. The lunar environment is harsh and devoid of the most rudimentary elements 
that are required for habitation, including readily accessible water and oxygen. In the 
absences of an atmosphere and a strong magnetic field, equipment and personnel are also 
subjected to deadly radiation (including galactic cosmic rays and dangerous particles 
produced in solar particle events) that threatens long-term survival by increasing the 
probability of developing cancers or other major health problems [3]. In order to sustain 
habitation on the surface of the Moon, lunar resources must be utilized to address these 
challenges. Research in the area of in-situ resource utilization (ISRU) has focused on 
addressing these challenges with an underlying goal of exploiting the natural lunar 
resources. This will minimize the transportation of materials from the Earth and thus reduce 
the number of expensive launches. 
One of the most important resources for human habitation and rocket propellant is 
oxygen. A potential source for oxygen on the Moon is the regolith itself, which contains a 
considerable amount of bound oxygen by weight [4]. Extracting this oxygen provides an 
on-demand, and virtually inexhaustive, supply of propellant and breathable air. 
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An equally important resource is water, which is required for drinking or splitting 
into hydrogen and oxygen via electrolysis [5]. Hydrogen is present on the Moon in two 
main forms, which will be discussed later. This hydrogen could be used to provide water 
for a crewed lunar mission. However, there are two major problems with using the lunar 
hydrogen supply as the only water source for a crew. The first is the amount of regolith 
that would have to be processed to extract enough water to sustain life, and the second is 
the presence of volatiles, other than water, in the regolith [6-8]. 
Regardless of the ISRU technique that is being considered, some sort of power or 
heat source must be developed to drive the process. The Moon is ideally situated to exploit 
solar irradiation as a high-temperature heat source to drive thermochemical reactions or 
thermal processes for ISRU applications.  
1.2 Objectives 
The focus of this work is to develop a theoretical framework for using concentrated 
solar irradiation to drive the thermal extraction of volatiles, primarily water, and 
thermochemical processing of lunar regolith to extract oxygen, lower valence metal oxides, 
metals, and metalloids. The theoretical limitations and optimal conditions for concentrating 
solar irradiation are examined for different regions of the Moon. This, paired with a 
knowledge of the chemical composition of the lunar regolith in each region, will be 
essential in determining the ideal locations for setting up ISRU facilities to collect specific 
resources. Additionally, the release of potentially harmful volatiles is examined to 
determine if dangerous amounts of these volatiles are freed during extraction of water from 
the ice mix with the lunar regolith. 
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These analyses are performed by examining predicted chemical equilibrium 
compositions as functions of pressure and temperature for different regolith compositions. 
Different thermal and thermochemical processes are then matched to different solar 
concentrating infrastructure. These theoretical predictions are tested by some initial 
experiments.  
1.3 Thesis Overview 
To fully study the extraction of water and oxygen from lunar regolith, a few things 
must be considered. Among these are the solar resources, the composition of the regolith, 
and the other volatiles present in the regolith. To create a groundwork for lunar driven 
thermal extraction of water and thermochemical extraction of oxygen, this thesis includes 
modeling and some preliminary experiments that explore these concepts.  
CHAPTER 2 is a literature review. This provides an overview of previous work done 
in this field upon which this work is built. This chapter also has an introduction to 
concentrating solar irradiation and a description on why the Moon is better situated for 
utilizing these solar resources than the Earth. 
A preliminary map of the lunar solar resources was created to show where the best 
sites for utilizing solar irradiation are located. Information about this modeling is found in 
CHAPTER 3. The results are discussed in CHAPTER 4. 
Chemical equilibrium modeling was performed to predict what would be released 
from the regolith at different temperatures. These predictions were made for oxygen, water, 
metal oxides, metals, and metalloids, as well as potentially dangerous toxins also present 
in the regolith and ice. Information about this modeling is found in CHAPTER 3. The 
results are discussed in CHAPTER 4.  
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To test these models, preliminary proof-of-concept, non-equilibrium experiments 
were performed. Thermogravimetric analysis (TGA) experiments were conducted, with 
mass spectrometry (MS) and gas chromatography (GC) hooked up to the TGA exhaust, to 
determine the total mass change and how much oxygen is released upon heating regolith 
simulants. Temperature programmed desorption (TPD) experiments were performed to 
explore the water released upon heating regolith simulants. Since particle size is important 
for TPD, the particle size of the regolith simulants was calculated. Information about the 
experimental setup is found in CHAPTER 3. The results are reported in CHAPTER 4.  
CHAPTER 5 has conclusions. It also has information about future work that will 
support this research.   
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CHAPTER 2. LITERATURE REVIEW 
2.1 Oxygen Extraction Techniques 
O and O2 can be used for life support or for rocket propellant [9]. Since the lunar 
regolith contains a large amount of bound O by weight [4], it is feasible to produce these 
resources in-situ. However, metal and metalloid oxides typically form very high strength 
bonds, and relatively large amounts of energy are required to break these bonds in order to 
extract the O2 [10]. Some of the proposed methods of O2 extraction are carbothermal 
reduction [4, 11], H2 reduction [12-17], high-temperature thermal-electrochemical 
techniques (e.g., electrolysis, which also produces metals) [18-20], and direct high-
temperature thermal reduction (also known as pyrolysis) [21-23]. Some TGA experiments 
have been performed to study the reduction of lunar regolith simulant by hydrogen and 
methane [24].  
2.2 Water Extraction Techniques 
H2O is another resource essential to sustain life. Hydrogen is present on the Moon in 
the form of both H2O(s) trapped beneath the surface, especially in permanently shadowed 
regions near the poles [25-28], and in trace amounts as solar wind-implanted OH [29-34].  
H2O(s) was mainly deposited by carbonaceous asteroids, volcanic outgassing, and solar 
wind with micrometeoroid impacts [35]. The OH comes from a monolayer of H2O 
molecules stably bound to the surface of the Moon with dissociative chemisorption as an 
hydroxyl and an hydrogen atom under ultra-high vacuum (UHV) conditions [29]. 
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A proposed method to extract H2O(s) thermally shown in Figure 2.1. This process 
involves the direct surface heating of lunar regolith to volatilize the H2O(s), driving it to a 
collection apparatus, like a tent [36], to capture the H2O(v) [37-39]. To extract bound OH, 
heating the regolith is required. Recombinative desorption results in the formation of H2O 
[29]. However, H2O is not the only volatile presence in the permanently shadowed regions.  
 
Figure 2.1. Schematic of the thermal extraction of volatiles, which uses solar irradiation 
reflected into an area of high H2O(s) concentration (in this case, a permanently shadowed 
crater) causing the H2O(s) to volatilize and be collected in a transparent capture tent. 
In 2009, the Lunar Crater Observation and Sensing Satellite (LCROSS) mission used 
a Centaur rocket to impact a permanently shadowed region on the lunar South Pole. The 
resulting ejecta was observed and analyzed by a shepherding spacecraft. Many volatiles 
were discovered, including potentially toxic ones [6-8], as predicted over 2 decades ago 
before these measurements were possible [40]. Any attempt to remove H2O(s) from the 
lunar regolith using thermal extraction must also consider that potentially hazardous 
volatiles may be released simultaneously.  
Another ISRU technique proposed to provide H2O for a crewed mission is hydrogen 
reduction of the ilmenite in the lunar regolith [41, 42]. While there is a nearly endless 
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supply of ilmenite, providing enough hydrogen is problematic. In order to have enough 
hydrogen, it must be launched from Earth. The astronauts would consume the H2O making 
the hydrogen unable to be reused and requiring continuous resupply missions. 
2.3 Other ISRU Processes 
On top of O2 and H2O extraction, extensive ISRU research has focused on using lunar 
regolith, coupled with additive manufacturing techniques, to provide a unique path toward 
permanent habitation [43]. Lunar regolith can be used as a material to fabricate bricks, 
concrete, or cement, either with or without non lunar based additives, which can be used 
for construction purposes [44-54].  These concrete blocks are joined together to create a 
solid structure [55]. The regolith can also be used for radiation shielding of lunar bases [56, 
57]. Extensive research has also examined sintering [58-60], especially microwave 
sintering/melting [61-63] and selective laser melting [64-66], of the lunar regolith to create 
precise objects, like tools. Many other ISRU techniques exploiting regolith have also been 
proposed [67-73]. Many of these techniques require the lunar regolith be heated, which 
may lead to the release of O2 and other volatiles. In theory, a system could be designed to 
catch and isolate these volatiles as they are released rather than letting them escape into 
space.  
2.4 Solar Driven ISRU 
It is estimated that a fully functional lunar base with ISRU facilities would require 1 
MWe of power during the astronaut’s waking hours and 10 kWe of power during the 
astronaut’s night [74]. Different studies have investigated using a range of energy sources, 
including batteries, nuclear reactors [75], and fuel based generators to drive ISRU 
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processes [76]. However, all of these power sources must be transported to the Moon from 
the Earth. High-temperature solar irradiation is an ideal and virtually unlimited resource to 
provide process heat to drive ISRU processes. 
There are numerous advantages to using solar irradiation to drive ISRU processes on 
the Moon compared to on the Earth: The Moon has no atmosphere, therefore, solar 
irradiation is not attenuated; there is no wind and less gravity, allowing for lighter 
infrastructure; the lunar tilt from the celestial equator (lunar declination angle) is only 1.5° 
[77], compared to the Earth’s 23°, resulting in little seasonal variation in the solar 
irradiation; and the lunar day is equivalent to ~14 Earth days with some regions that are 
permanently irradiated.  
There are two main limitations to utilizing the solar resources on the Moon. The 
primary limitation is that the solar irradiation is relatively dilute. However, this is overcome 
by concentrating solar irradiation to provide the necessary radiative heat fluxes to drive the 
volatilization of H2O and/or the thermochemical processes to extract O2 from lunar 
regolith. The other limitation is storage of energy for use during the lunar night. Some 
research has investigated using the regolith itself as a thermal energy storage medium, 
though as of yet this method is not viable enough to rival storage methods that must be 
launched from Earth, even considering the launch cost [78]. 
2.4.1 Concentrating Technologies 
Highly concentrated solar irradiation has been used for process heat for electricity 
production [79]  or for driving thermochemical processes [79]. The metric for comparing 
solar concentration infrastructure is the average solar concentration ratio, C , (with units of 
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“suns,” where 1 sun is equal to 1000 W/m2, the direct-normal solar irradiation at the surface 













   (1) 
where solarq′′  is the spatial solar radiative heat flux, GDN is the direct-normal solar irradiation, 
and A is the aperture area of a solar reactor. solarq′′ is a strong function of solid angle of the 
sun, Ωsun, which is inversely proportional to radius between the sun and the Earth/Moon 
system squared, R2; therefore, larger Ωsun result in smaller C  for the same solar 
concentrating infrastructure [80].  
Three main types of solar concentrating technologies are shown in Figure 2.2. Trough 
systems [Figure 2.2 (a)] are capable of 30 ≤ C  ≤ 100 suns using a one-axis tracking system 
to direct incoming solar rays to a linear receiver. Tower systems [Figure 2.2 (b)] are capable 
of 500 ≤C ≤ 5000 suns using heliostats with two-axis tracking to direct the sun’s rays to 
receivers mounted on a tower. Lower C are possible by reducing the number of heliostats 
in the field. Parabolic dishes [Figure 2.2 (c)] are capable of  1000 ≤ C  ≤ 10,000 suns using 
two-axis tracking to direct the sun’s rays to a receiver mounted in the focus [81]. Using 
similar technologies on the surface of the Moon affords a unique opportunity to harness 
the sun for ISRU thermochemical processes.   
These technologies utilize mirrors to concentrate the solar irradiation. Research has 
been done to fabricate mirrors with ISRU methods, using glass produced from lunar 
 10 
regolith with a reflective surface of aluminum on one side of the glass. These mirrors were 
found to have an average reflectivity as high as 80% over wavelengths between 400 nm 
and 1250 nm [82].  
 
Figure 2.2. Schematic depictions of solar concentrating infrastructures that are currently 
used for electricity generation and solar thermochemistry applications: a) a trough 
system; b) a power tower system with heliostats; and c) a paraboloidal dish system. 
(Image from [81]; used with permission). 
ISRU thermochemical processes for a range of different temperatures must be 
matched to different solar concentrating infrastructures. A theoretical solar receiver/reactor 
is assumed for evaluation purposes to be a blackbody, a cavity receiver that is perfectly 
insulated with an emissivity and absorptivity approaching unity. The theoretical metric for 








ση = = −

  (2) 
where Qnet is the net solar energy absorbed by the solar reactor; Qsolar is the incoming solar 
energy; σ is the Stefan-Boltzmann constant; and Treactor is the operating temperature of the 
reactor. ηabsorption is the theoretical maximum for a solar cavity reactor. Decreases for actual 
infrastructure are associated with different reactor designs. Windowed solar reactors have 
transmission losses [83], while indirect heating of an absorber plate/tube results in losses 
(a) (b) (c) 
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associated with heat conduction. ηabsorption will be unaffected by changes in GDN that result 
from changes in R as GDN is proportional to R2, Ωsun is inversely proportional to R2, hence, 
C for the same solar concentrating infrastructure increase at the same rate as GDN decreases, 
result in the product GDN C remaining constant for different R’s. However, differences in 
GDN on the Earth compared to the Moon result from attenuation.  
The ηabsorption as a function of Treactor is provided for a range of 50 < C  <10,000 suns 
in Figure 2.3 to compare ηabsorption for the Moon (GDN = 1365 W/m2) to Earth (GDN = 1000 
W/m2) for R = 1.0 AU. Higher ηabsorption occur on the Moon than on Earth at all but the 
lower Treactor due to a higher GDN in the absence of attenuation. The ηabsorption was near unity 
at lower Treactor due to re-radiative losses to the surroundings. The ηabsorption rapidly 
decreased at higher Treactor’s as the re-radiation losses (proportional to 4reactorT ) increase. The 
maximum Treactor, or the stagnation temperature, corresponded to the point where all of the 
absorbed irradiation is re-emitted to the surroundings, resulting in ηabsorption of 0. The 
stagnation temperature increased with higher C ’s.  
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Figure 2.3. Theoretical absorption efficiency on the Moon (solid lines) and Earth (dashed 
lines) as a function of solar reactor temperature for a range of solar concentration ratios 
between 50 and 10,000 suns. 
These results can be linked to different concentrating infrastructures for different 
thermal/thermochemical processes. For lower temperature processes, solar trough 
technology is ideal, for example Treactor = 610 °C at C =50 suns for ηabsorption = 0.5. Higher 
temperature thermochemical processes require higher C ’s. The power tower is ideal to 
drive solar thermochemical processes operating at higher temperature, for example Treactor 
= 2070 °C at C =2500 suns for ηabsorption = 0.5.  Both the troughs and the power towers can 
operate at very large scales; however, the C  fluctuates throughout the lunar day due to 
projection, or cosine, losses as the angles of incidence change with respect to the mirrors. 
The paraboloidal dishes are capable of achieving the highest C ’s without projection losses, 
for example ηabsorption = 0.5 corresponds to Treactor = 2510 and 3040 °C for C  = 5000 and 
10,000 suns, respectively. The scale of paraboloidal dishes is smaller, and the solar reactor 
must be mounted in the focus during operation. However, the dishes are modular and may 
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be deployed in areas of ideal sun to drive relevant ISRU processes to permit human 
habitation. 
2.4.2 Solar Driven ISRU Projects 
Figure 2.4 shows a schematic of different pathways to exploit concentrated irradiation 
for ISRU. Regolith is mined and transported to a location for processing [84, 85]. This may 
include the development of construction or shielding materials or tools, either directly or 
through additive manufacturing techniques. This may also include H2O and O2 production 
via the chemical reduction of metal and metalloid oxides with H2 or C, and H2O isolation 
via thermal extraction. This may further include high-temperature thermochemical reaction 
used to produce H2O, O2, and valuable metals and metalloids. 
 
Figure 2.4. Schematic of possible solar-driven in-situ resource utilization processes. 
Research has begun in a few of the categories listed in Figure 2.4. An optical 
waveguide system was designed to concentrate solar irradiation for a number of 
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applications, including the carbothermal reduction of lunar regolith [5, 86]. A heat pipe 
solar receiver utilizing concentrated solar irradiation was used for hydrogen reduction of 
the lunar regolith [87]. Hydrogen reduction of ilmenite using concentrated solar irradiation 
has also been studied in a system with the capacity to process 25 kg of material at a time 
[88]. Concentrated solar irradiation was also used in the direct high temperature 
thermochemical reduction, or pyrolysis, of lunar soil [21]. Other work focused on using 
concentrated solar irradiation to sinter lunar regolith without a binding agent [89, 90]. 
Concentrated solar irradiation was also used to sinter regolith with added polymers to 
stabilize the lunar surface for a launch or landing pad [91]. Concentrated solar irradiation, 
beamed into permanently shadowed areas, was investigated for the thermal extraction of 
volatiles, such as H2O [92]. 
  
 15 
CHAPTER 3. MATERIALS, MODELING, AND METHODS 
3.1 Materials 
3.1.1 Chemical Composition of Lunar Regolith 
Lunar regolith consists primarily of metal oxides that form complex minerals, 
resulting a composition that is ~45%  O by weight [4]. The elemental composition of lunar 
regolith changes for different parts of the Moon. The three different types of lunar regolith 
are 1) highlands regolith (HL), 2) high-titanium mare regolith (HTM), and 3) low-titanium 
mare regolith (LTM) which are dispersed over the Moon. Each was examined in this work. 
HL is more abundant than HTM and LTM and covers 84% of the nearside of the Moon 
and 99% of the farside of the Moon [93]. The oxide compositions are shown in Table 3.1.  
HL contains the highest relative amounts of Al2O3 and CaO while both HTM and LTM 
contain larger amounts of FeO. All of the regolith contains similar amounts of both MgO 
and SiO2, which account for a large part of their composition.  
Table 3.1. Oxides species compositions of the highlands, high-titanium mare, and low-
titanium mare lunar regolith in weight percent [94]. 






Al2O3 25.1 12.4 13.2 
CaO 14.9 11.4 10.8 
Cr2O3 0.1 0.4 0.4 
FeO 6.3 16.6 17.2 
K2O 0.1 0.1 0.2 
MgO 7.6 8.9 10.0 
MnO 0.1 0.2 0.2 
Na2O 0.4 0.4 0.4 
P2O5 0.1 0.1 0.2 
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Table 3.1. Continued. Oxides species compositions of the highlands, high-titanium 
mare, and low-titanium mare lunar regolith in weight percent [94]. 






SiO2 45.0 41.0 45.4 
TiO2 0.5 8.5 2.9 
 
3.1.2 Regolith Simulants 
Since lunar samples are rare, regolith simulants were used for all experiments 
discussed in this thesis.  Three different regolith simulants were used for experiments, JSC-
1A, LMS-1, and LHS-1. JSC-1A was developed by NASA as a Mare simulant [95]. LMS-
1 and LHS-1 were developed by the Center for Lunar & Asteroid Surface Science (CLASS) 
Exolith Lab at the University of Central Florida as a Mare simulant and a Highlands 
simulant, respectively [96, 97]. The chemical compositions of each regolith simulant are 
listed in Table 3.2. 
Table 3.2. Oxides species compositions of the JSC-1A, LMS-1, and LHS-1 lunar regolith 
simulants in weight percent. 
Oxide Species JSC-1A [95] 
(wt%) 




Al2O3 16.2 14.13 26.24 
CaO 10.0 5.94 11.62 
Cr2O3 - 0.21 0.02 
FeO - 7.87 3.04 
Fe2O3 12.4 - - 
K2O 0.8 0.57 0.46 
MgO 8.7 18.89 11.22 
MnO 0.2 0.15 0.05 
Na2O 3.2 4.92 2.30 
P2O5 0.7 - - 
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Table 3.2. Continued. Oxides species compositions of the JSC-1A, LMS-1, and LHS-1 
lunar regolith simulants in weight percent. 
Oxide Species JSC-1A [95] 
(wt%) 




SiO2 45.7 42.81 44.18 
TiO2 1.9 4.62 0.79 
SO3 - 0.11 0.10 
 
3.1.3 Hydrogen Bearing Species in the Lunar Soil 
Hydrogen is present on the Moon as OH and H2O(s). The abundance of bound OH at 
specific locations on the Moon is shown in Table 3.3 [98]. For the purpose of modeling, 
H2 was added to account for the OH. This modeling amount is also shown in Table 3.3.  
Table 3.3. Abundance of OH present in lunar regolith at difference location on the lunar 
surface [98] and amount of H2 used for modeling. 
Location Abundance of OH H2 Used for Modeling 
North Pole (NP) 1500 ppm 750 ppm 
South Pole (SP) 1000 ppm 500 ppm 
Equator (E) 0 ppm 0 ppm 
 
According to measurements from the Lyman-Alpha Mapping Project (LAMP) 
instrument aboard the Lunar Reconaissance Orbiter (LRO), the lunar regolith in shadowed 
craters has ~ 0.1 to 2 wt% of H2O(s) [99]. Modeling the H2O(s) present in the shadowed 
craters predicts a slightly smaller concentration of ~0.1 to 1 wt% [35]. Additionally, these 
craters contain other trapped volatiles [6-8]. Some of these volatiles are potentially toxic 
or harmful and, therefore, must be considered for ISRU scenarios that involve permanently 
shadowed regions, like H2O(s) extraction [40]. Table 3.4 shows the abundance of each 
volatile relative to the abundance of H2O as measured by LCROSS at a permanently 
illuminated region on the South Pole [6].  
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Table 3.4. Abundance of each volatile relative to H2O as measured by LCROSS [6]. 










3.2 Solar Resource Modeling 
Efficiently using solar irradiation as process heat to drive ISRU processes 
necessitates careful examination of resource allocation on the surface of the Moon. Solar 
concentration infrastructure must be matched with solar resources for different locations, 
facilitating an investigation of different ISRU scenarios based off of regolith compositions.  
A simplified model of the solar resources on the Moon was developed to this end.  
Understanding the distribution of the solar resources on the Moon is vital to matching 
ISRU processes to relevant thermochemistry. The extraterrestrial solar irradiation changes 
throughout the year due to Earth’s elliptical orbit around the sun, where the extraterrestrial 
solar irradiance (Gext), R (radius between the sun and the Earth/Moon system, as stated 
above), and Ωsun (solid angle of the sun, as stated above) as a function of Day of the Year 
(N) are given in Figure 3.1. The maximum Gext of 1415 W/m2 and minimum Gext of 1321 
W/m2 correspond to N of 1 and 365, and N of 185, respectively, with an average Gext of 
1365 W/m2. The maximum Gext corresponds to a minimum R of 0.9829 AU and the 
maximum Ωsun of 43.86×10-10 sr, while the minimum Gext corresponded to a maximum R 
of 1.0171 AU and the minimum Ωsun of 40.96×10-10 sr.  
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Figure 3.1. Extraterrestrial solar irradiation in W/m2 (solid), the radius of the Earth’s 
orbit around the sun in AU (dashed), and the solar solid angle (dashed-dotted) as a 
function of the day of the year (Created using the technique described in [100]). 
The simplified map of the solar resource distribution, shown in the results section, 
neglected the declination of the Moon (1.5 °) and changes in topography with the direct-
normal irradiation GDN = extG  =1365 W/m2 corresponding to R of 1 AU in the absence of 
attenuation. The average direct solar irradiation, DG , and total solar energy impinging upon 










cosE G dtθ= ∫   (4) 
where t is time; and θz is the zenith angle on the lunar surface. 
3.3 Thermodynamic Equilibrium Modeling 
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Chemical equilibrium modeling was performed to forecast chemical compositions as 
a function of temperature and pressure for lunar regolith. Gibb’s Free Energy minimization 
(ΔG = 0) was used to predict equilibrium compositions for isobaric processes [101, 102]. 
The pressure on the Moon was ~ 3×10-15 bar [103], and the equilibrium composition of 
each species was normalized per unit mass of regolith. These calculations were performed 
for the three main types of regolith: 1) HL, 2) HTM, and 3) LTM, as well as hydrogen and 
toxic volatiles. Equilibrium predictions used the expected geochemical compositions but 
neglected the geology of the lunar regolith. Further, these results do not consider chemical 
kinetics, which are essential in the design of solar reactors [104].  
3.4 Experimental Methods - TGA 
TGA experiments were performed using a NETZSCH STA 449 F3 Jupiter 
simultaneous thermal analyzer with a graphite furnace which has a mass resolution of 1 μ
g. Crucibles created from Al2O3 (AdValue Technology) were used to hold the samples 
during experimental runs to limit any reactions between the crucible and the sample. Ultra 
High Purity (UHP) argon (Airgas USA, purity 5.0, ~100%) was used as a purge gas. The 
reported mass change was verified by weighing the sample on an analytical balance 
(Mettler-Toledo ML54) with resolution 0.1 mg before and after the experiments. 
TGA of LMS-1 and LHS-1 were performed utilizing a sample mass of ~50 g of 
regolith simulant. Using a linear heating rate of 20 K/min, the sample was heated from 
100°C to 1300°C. The temperature was then held constant at 1300°C for 3 hours. The 
change in mass was recorded every 1 s. The purge gas flow rate was of 100 mLN/min 
(where mLN is defined at 0°C and 1 atm).  
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TGA of JSC-1A was performed utilizing a sample mass of ~100 g of regolith 
simulant. For these experiments, a protective layer of platinum foil (Sigma-Aldrich 0.025 
mm thick 99% Pt Foil 267244-1.4G) was placed between the sample and the Al2O3 crucible 
to further reduce the chance of a reaction. Using a linear heating rate of 20 K/min, the 
sample was heated from 100°C to 1500°C. The temperature was then held constant at 
1500°C for 6 h. The change in mass was recorded every 1 s. The purge gas flow rate was 
of 200 mLN/min.  
The TGA exhaust was monitored by MS (OmniStar ThermoStar GSD320 Gas 
Analysis System) and GC (Agilent 490 Micro GC equipped with Molsieve and PoraPLOT 
Q columns). The MS sampling rate was 1 Hz. The GC was used to calibrate MS. 
The experiments involving JSC-1A and LHS-1 were only conducted once, while the 
experiments involving LMS-1 were conducted twice. Therefore, results obtained from 
these experiments are preliminary. More experiments will be conducted in the future to 
verify these results. 
3.4.1 XRD Analysis 
X-ray diffractometry (XRD, PANalytical X’Pert PRO Alpha-1 diffractometer) was 
performed with diffraction angle, 2θ, ranging between 20–100° to examine the structure 
before and after the TGA runs. This was done for JSC-1A. As of yet, no XRD has been 
performed on LMS-1 or LHS-1. 
3.5 Experimental Methods - TPD 
 22 
TPD experiments were run using LMS-1 and LHS-1 samples under ultra-high 
vacuum (UHV) conditions, with a pressure of ~1×10-9 Torr. The samples were first 
mounted on a 25 mm thick stainless steel sample holder, and baked to remove any adsorbed 
gases. Then the sample was allowed to cool to the dosing temperature of 300K and exposed 
to the adsorbate, through a leak valve (in this case H2O vapor). Afterward, the sample was 
heated by a dual-filament tungsten heater at a constant rate of 0.5 K/s. The desorption was 
monitored by a Quadrupole Mass Spectrometer (QMS, Pfeiffer Vacuum Prisma Plus QMG 
220 C-SEM) as the sample was heated to 1000 K. The temperature was monitored by a 
Type K thermocouple. A blank run was performed using the same conditions to subtract 
the background signal from the TPD results. More detailed explanation of the experimental 
set up is available [29, 105, 106]. A schematic of the TPD setup is shown in Figure 3.2. 
 
Figure 3.2. Schematic of the TPD setup. 
These TPD results were used to determine adsorbate desorption activation energies. 
The LMS-1 experiments were conducted only once. The LHS-1 experiments were 
conducted twice. More experiments will be conducted to ensure accuracy. 
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3.6 Particle Size Determination 
Some studies have suggested that the activation energy for material desorption of 
some materials decreases with decreasing particle size for the same material [107]. Though 
this is not the case with the materials considered here, this is an example of why it is 
important to know the particle size of materials undergoing TPD experiments. To this end, 
circularity and effective diameter were determined using an in-house code [108]. A 
microscopic image was used to find the circularity, C , and effective diameter, effd , of JSC-
1A. The effective diameter corresponds to the diameter of perfectly spherical particles with 
the same effective surface area as the non-spherical particles being considered. C  and effd  








=    (6) 
where A is the projected area of the particle and P is the perimeter of the particle as seen 
in the image. Using this, the effective surface area, effA , if the particles were spherical is 
given by: 
 2eff effA dπ=   (7) 
Microscopic images of JSC-1A have been taken, and calculations were performed 
for this simulant. This code will be used to determine the particle size characteristics of 
LMS-1 and LHS-1.  
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CHAPTER 4. RESULTS AND DISCUSSION 
4.1 Solar Resource Map 
The results of the solar resource map suggest, at the equator, DG  is approximately 
450 W/m2, and E is approximately 275 kJ/m2, which decrease away from the equator. Both 
DG and E are very small at the poles, this is due to the simplified nature of this model. 
Figure 4.1 shows the lunar topography. Topographical effects on the illumination 
lead to higher elevations being illuminated longer than corresponding locations with no 
topography and shadowing the surrounding area. An interplay of changes in lunar 
topography and orbital dynamics of the Moon result in both permanently illuminated and 
permanently shadowed regions at the lunar poles [109]. However, this simplified model 
neglects these effects and is designed to generally inform the use of concentrated solar 
technologies on the Moon. Further fidelity is possible by including effects of topography, 
declination, location in the orbit around the sun, and the 18.6 year lunar precession [109].  
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Figure 4.1. Topography of the near and far sides of the Moon. 
4.2 Thermodynamic Equilibrium Predictions 
4.2.1 Water Equilibrium Predictions 
Figure 4.2 shows the forecasts amount of H2O(g) and H2(g) produced and released as 
a function of temperature at 3×10-15 bar for HL, HTM, and LTM at the North (solid) and 
South (dashed) poles. Figure 4.2 a) shows the forecast equilibrium predictions for H2 since 
the OH is modeled as H2. For all regolith types and at both locations, H2O(g) begins to 
become favorable at ~200 °C, increases slightly to ~ 600°C, after which larger amounts of 
H2O(g) are forecast. At 700°C at both locations, HL shows a peak in H2O(g) favorability. 
Higher FeO in the HTM and LTM results in favorable reduction of H2O to produce H2 and 
Fe3O4 at the lower temperatures, resulting in less H2O compared with HL.  HTM and LTM 
for both locations show a peak in H2O favorability at ~800 °C, indicating that the relative 
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Ti content of regolith has a limited impact of H2O favorability.  H2O(g) begins to rapidly 
thermolyze to H2 and O2 or O at ~1000 °C due to the low total pressure and the high 
temperature, resulting in negligible amounts of  H2O(g) at 1100 °C. Lower amounts of OH 
at the South Pole result in less H2O(g) produced per mregolith. All of the H2(g) and H2O(g) 
results from the regolith and not from the ice likely present at the South Pole. 
 
 
Figure 4.2. Equilibrium predictions for a) H2(g) and b) H2O(g) as a function of 
temperature for the three types of regolith, Highlands (HL), High-Titanium Mare (HTM), 
and Low-Titanium Mare (LTM) at the North Pole (NP, solid) and South Pole (SP, 
dashed) at a pressure of 3×10-15 bar. 
Exploration missions require 2.5 kg of H2O per person per 24 h [110]. The feasibility 
of providing the required H2O via ISRU extraction of solar wind implanted OH radicals 
was evaluated by matching it to the maximum H2O(g) production rate of ~ 64 µg of H2O/g 
regolith  at the North Pole corresponding to HL at ~700 °C and ~ 42 µg of H2O/g regolith 
at the South Pole corresponding to HL at ~700 °C. This resulted in 3.9×104 kg of regolith 
that must be processed per person per 24 h at the lunar North Pole, and 6.0×104 kg regolith 
per person per 24 h at the lunar South Pole for complete ISRU H2O production from solar 
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wind implanted OH radicals. The optimal extraction temperature of 700°C corresponds, 
under ideal conditions, with Gsun=1365 W/m2, to C =50 suns with ηabsorption =0.25 
achievable by trough systems or C =250 suns with ηabsorption =0.85 achievable by power 
tower with a reduced heliostat field (Figure 2.3). These results indicate that utilizing only 
solar wind implanted OH radicals as the sole method of H2O production for an exploration 
mission, is impractical for lunar ISRU purposes due to the low amounts of OH and the 
resulting extremely high regolith processing rates necessary.  
Regolith at the poles contains also contains H2O(s), in concentrations between ~ 0.1 
to 2 wt% [99]. To produce enough H2O from H2O(s) for an exploration mission, assuming 
a H2O(s) concentration of 0.1 wt%, 2500 kg of regolith must be processed per person per 
24 h.  
4.2.2 Toxic Species Equilibrium Predictions 
However, H2O(s) extraction may lead to the evolution of toxic or dangerous volatiles. 
The equilibrium predictions of the volatiles (listed in Table 3.4) are shown in Figure 4.3. 
Heating the lunar regolith in the permanently shadowed regions can produce and release 
toxic or otherwise dangerous volatiles.  
Figure 4.3 a) shows the equilibrium predictions for the production and release of 
potentially harmful volatiles. Note each volatile is normalized per mass of regolith 
processed. SO2, CO, CS2, COS, and NH3 are all present in some amounts at 0°C. CS2 and 
COS both peak at about 200°C. CO gradually increases until 1000°C after which it 
plateaus. SO2 increases sharply from 0°C to about 400°C where it remains constant until 
1000°C. NH3 slowly decreases until about 900°C. NO begins to evolve off shortly before 
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100°C where it steeply increases until about 900°C.  CO, SO2, NO, COS, CS2, H2O2, and 
NH3 are all present in some amount at 2000°C. 
Figure 4.3 b) shows that HCN, H2SO4, CH4S, and CH3OH are all present in some 
amount at 0°C. HCOOH increases slightly until about 500°C. HCN increase nearly 
continuously until 2000°C. CH4S decreases rapidly until about 500°C where it has no 
appreciable concentration. CH3OH decreases sharply until about 500°C. H2SO4 begins to 
evolve off at 100°C, and peaks at about 900°C. Figure 4.3 shows that there is no 
temperature where harmful volatiles are not present. 
 
Figure 4.3. Equilibrium predictions for potentially harmful species normalized to mass of 
regoltih processed released upon heating the lunar regolith at a pressure of 3×10-15 bar. 
Note the graphs have different scales, and both are logarithmic.  
Table 4.1 outlines the potential dangers of each volatile released during thermal 
extraction. The ACGIH Threshold Limit Values (TLV) sets limits on what concentration 
of each volatile is considered hazardous to health. The Time Weighted Average (TWA) is 
the limit that the average concentration of a volatile cannot exceed over an 8 h period. The 
short term exposure limit (STEL) is the average acceptable limit over 15 min. The Ceiling 
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Limit (CEIL) is the concentration that cannot be exceeded. These limits and the amount of 
each volatile produced per amount of regolith processed (Figure 4.3), must be considered 
when determining the rate of regolith processing and the temperature of the system for H2O 
extraction via thermal processing. 
Table 4.1. Potentially harmful volatiles that may be released during thermal processing 
of lunar regolith and the hazard classification for each species along with the dangerous 




Other Dangers (Category) TWA STEL CEIL 
CH3OH - Organ toxicity - single exposure (1)  200 ppm 250 ppm - 
CH4S 3 - 0.5 ppm - - 
CO 3 Toxic to reproduction (1) 
Organ toxicity - repeated exposure (1)  
25 ppm - - 
COS 3 - 5 ppm - - 
CS2 - Toxic to reproduction (2) 
Organ toxicity - repeated exposure (1) 
Skin corrosion (2) 
Eye damage (2A)  
1 ppm - - 
H2O2 4 Organ toxicity - single exposure (3) 
Skin corrosion (1B) 
Eye damage (1)  
1 ppm - - 
H2SO4 - Skin corrosion (1A) 
Eye damage (1)  
- - - 
HCN 1 Organ toxicity - single exposure (1)  - - 4.7 
HCOOH 4 Organ toxicity - single exposure (2) 
Skin corrosion (1A) 
Eye damage (1)  
5 ppm 10 ppm - 
NH3 4 Skin corrosion (1) 
Eye damage (1)  
25 ppm 35 ppm - 
NO 1 Skin corrosion (1) 
Eye damage (1)  
25 ppm - - 
SO2 3 Skin corrosion (1) 
Eye damage (2B)  
- 0.25 ppm - 
 
Using simplified calculations, it is possible to see if the release of toxic volatiles is 
enough to be dangerous to humans. These calculations consider only water and the toxin 
and represent the worst case scenario for the maximum concentration produced. While 
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producing enough H2O for 1 astronaut for 1 day, dangerous amounts of CO, SO2, NO and 
COS are also produced. 132591 ppm of CO is produced at 1220°C. 563024 ppm of SO2 is 
produced at 600°C. 45 ppm of NO is produced at 940°C. 14 ppm of COS is produced at 
160°C. This shows the risks of ISRU extraction of H2O. This is summarized in Table 4.2. 
One possible method for separating these toxic volatiles, which are present in the form of 
gases, is by condensing the water. 
Table 4.2. Volatiles released in high enough concentrations during thermal extraction of 
H2O(s) to be dangerous. 
Volatile Dangerous Amount Amount Produced Temperature 
CO 25 ppm 132591 ppm 1220°C 
SO2 0.25 ppm 563024 ppm 600°C 
NO 25 ppm 45 ppm 940°C 
COS 5 ppm 14 ppm 160°C 
 
4.2.3 Oxygen Equilibrium Predictions 
Operating thermochemical processes at even higher temperature affords the 
opportunity to harvest other resources required for long-term human habitation. Predictions 
for O(g) and O2(g) at equilibrium are given in Figure 4.4. There is little difference in the 
equilibrium predictions due to location, so only predictions at the equator are presented, 
the results are similar for the North and South Poles. A small temperature range is present 
for favorable O2(g) evolution due to the extremely low pressure (fugacities). A dramatic 
increase in O2(g) favorability occurs at ~800°C and peaks at ~ 950 °C before  dissociating 
to O(g). This corresponds to the thermolysis of O2(g) to O(g), where trace amounts of O(g) 
are predicted at 900°C, displacing the O2(g) at equilibrium.  The O(g) production slows at 
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1150°C until around 1500 °C, where the temperature is high enough to begin to thermally 
reduce Si- and Ti-containing oxides.  
 
Figure 4.4. Equilibrium predictions for a) O(g) and b) O2(g) as a function of temperature 
at the lunar equator at a pressure of 3×10-15 bar. 
Exploration missions require 0.84 kg of O2 per person per 24 h [110]. Figure 4.4 
predicts a maximum O2(g) production rate of ~ 0.1 g of O2(g)/g regolith corresponding to 
HTM or LTM at ~950°C. Relying on ISRU for O2 production requires processing 8.4 kg 
of regolith per person per 24 h. The optimal extraction temperature for O2(g) is ~950°C. 
Under ideal conditions with Gsun=1365 W/m2, the C =1000 suns corresponding to 
ηabsorption=0.9 is ideal (Figure 2.3). This is achievable with power towers and parabolic 
dishes. Actual systems have to contend with projection losses on heliostat mirrors, focusing 
losses during the day, and other losses due to windows or absorber systems. Thus, complete 
ISRU production of O2 using only concentrated solar heating is potentially feasible.  
4.2.3.1 Pressure Effects on Oxygen Equilibrium 
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The impact of operating at higher pressure for O2(g) production is shown in Figure 
4.5 for comparison under different atmospheres. Increasing the pressure of the system 
increases the ideal temperature required for O2(g) production according to Le Chatelier’s 
principle. At atmospheric pressure, O2(g) production is not favored at equilibrium until   
2000 °C. Hence, the low lunar pressure affords an advantage to concentrated solar heating 
of lunar regolith for ISRU purposes. This is important to consider when designing a reactor 
for thermal extraction or thermal reduction on the Moon. The design should take advantage 
of the lunar pressure to allow for low pressure operation.   
 
Figure 4.5. The influence of pressure on the equilibrium predictions for O2(g) as a 
function of temperature in highlands soil at the lunar North Pole. Note the logarithmic 
scale. 
4.2.4 Metal and Metalloid Equilibrium Predictions 
Equilibrium predictions for gaseous metals and metalloids are shown in Figure 4.6 to 
Figure 4.8 for HL, HTM, and LTM, respectively. These formations result from favorable 
thermal reductions of oxides and low total pressures of 3×10-15 bar. At increased 
temperatures gaseous metal and metalloids beneficial for various ISRU techniques are 
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forecasted. In all soil types, Na(g) begins to evolve off first starting at ~600°C. Figure 4.6 
shows that, in HL, Na(g)  has a slight decrease in the evolution rate between 550 to 600°C 
and 700 to 800°C, and plateaus at ~900°C. Figure 4.7 and Figure 4.8 show, in LTM and 
HTM, Na(g) has a slight decrease at equilibrium between 650 to 800°C and becomes 
constant at ~850°C. Fe(g) is predicted to form at 800°C in all soil types, with more forecast 
in the HTM.  Fe(g) levels off at 900°C. Mg(g), Mn(g), and K(g) are predicted in all regolith 
at ~900°C and level off at about 950°C for Mg(g) and Mn(g) and 1000°C for K(g). Ca(g) 
and Cr(g) are also predicted at equilibrium at 1000°C, with Cr(g) becoming constant at 
1050°C and Ca(g) at 1100°C. In all soil types, Al(g) and P(g) are predicted at 1100°C. 
Al(g) levels off at 1150°C and P(g) levels off at 1200°C for HL and 1250°C for HTM and 
LTM. In all soils, Ti(g) is forecast at 1300°C, leveling off at 1500°C. In all soils, Si(g) is 




Figure 4.6. Equilibrium predictions for highland metals and metalloids at a pressure of 
3×10-15 bar. Note the different scales. 
 
Figure 4.7. Equilibrium predictions for high titanium mare metals and metalloids at a 
pressure of 3×10-15 bar. Note the different scales. 
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Figure 4.8. Equilibrium predictions for low titanium mare metals and metalloids at a 
pressure of 3×10-15 bar. Note the different scales. 
Due to favorable reoxidization at lower temperatures, separation must be considered 
either via a high-temperature O2 membrane or rapid quench [123, 124]. This rapid cooling 
in the quenching prevents the recombination of oxides. The lunar surface temperature is 
low enough during certain times of the day to design and implement a cooling system 
without additional infrastructure to prevent recombination in conjunction with the very low 
total pressures.  
4.2.5 Reaction Enthaply 
The reaction enthalpy, reactionH∆ , is represented as: 
 
ireaction products, T reactans, T
H H H∆ = −∑ ∑   (8) 
where products, TH  is the enthalpy of each product at a specific temperature, and ireactans, TH is 
the enthalpy of each reactant at the initial conditions. The change in reaction enthalpy is 
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shown in Figure 4.9. Initially, the slope of the graph is constant, demonstrating a gradual 
increase in the reaction enthalpy. The slope changes as the oxides begin to reduce, 
beginning with Na2O at around 500°C. Most of the other oxides begin to thermally reduce 
and vaporize between 800 and 1200°C, indicated by the dramatic increase in slope, with 
TiO2 thermally reducing at the highest temperature. In this temperature range, SiO(g) 
becomes more favorable than SiO2. The system reaches an equilibrium at about 1200°C, 
and stays there until about 1550°C. At this temperature, SiO(g) thermolyzes to O(g) and 
Si(g). The final system consists only of O(g) and Al(g), Si(g), Ca(g), Fe(g), Mg(g), Na(g), 
Ti(g), K(g), Mn(g), Cr(g), and P(g). Under ideal conditions with Gsun=1365 W/m2, to reach 
1200°C, a C =10000 suns corresponding to ηabsorption=0.9804 is ideal (Figure 2.3). For 
1550°C, a C =10000 suns corresponding to ηabsorption=0.9541 is ideal (Figure 2.3). This is 
achievable with parabolic dishes. 
 
Figure 4.9. Change in reaction enthalpies as a function of temperature for equilibrium 
predictions at a pressure of 3×10-15 bar. 
4.3 TGA Results 
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TGA results are shown in Figure 4.10 and Figure 4.11 for two samples of LMS-1 
(LMS-1 R1 and LMS1-1 R2), Figure 4.12 for a sample of LHS-1, and Figure 4.13 for a 
sample of JSC-1A. Temperature, the change in mass normalize by the initial mass, and 
cumulative O2 release normalize by the initial mass are graphed against the total 
experiment time. For LMS-1 R1, LMS-1 R2, and LHS-1 there is a steep initial mass loss 
as the temperature increases and then the mass loss slows. The mass loss for JSC-1A is 
more gradual. The release of O2 for LMS-1 R1 and JSC-1A starts slow but increases as the 
temperature reaches a maximum of 1300 °C and 1500 °C, respectively. Unfortunately, an 
error with the MS resulted in only a minute of about five hours of data being saved for both 
LMS-1 R2 and LHS-1. Thus, the O2 release for these samples is unknown. For LMS-1 R1, 
0.4 µg of O2 are release per mg of sample and the total mass loss is ~0.011 mg per mg of 
sample. For LMS-1 R2, the total mass loss is ~0.012 mg per mg of sample. For LHS-1, the 
total mass loss is ~0.01 mg per mg of sample. For JSC-1A, 0.12 µg of O2 are release per 
mg of sample and the total mass loss is ~0.011 mg per mg of sample. 
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Figure 4.10. TGA results for LMS-1 R1. Temperature, the change in mass normalize by 
the initial mass, and cumulative O2 release normalize by the initial mass are graphed 
against the total experiment time. 
 
Figure 4.11. TGA results for LMS-1 R2. Temperature and the change in mass normalize 
by the initial mass are graphed against the total experiment time.  
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Figure 4.12. TGA results for LHS-1. Temperature and the change in mass normalize by 
the initial mass are graphed against the total experiment time.  
 
Figure 4.13. TGA results for JSC-1A. Temperature, the change in mass normalize by the 
initial mass, and cumulative O2 release normalize by the initial mass are graphed against 
the total experiment time. 
4.3.1 XRD Analysis 
XRD analysis of JSC-1A was performed before and after TGA to explore the change 
in chemical composition and structure. Figure 4.14 shows the XRD results for JSC-1A 
before TGA. The peaks indicate the structure and mineral composition of the simulant. 
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Lunar regolith contains plagioclase, pyrocene, olivine, aggultinitic and volcanic glass, and 
other minerals and glasses [125]. The peaks in the XRD results correspond the 
superimposed peaks of all these minerals and glasses. Figure 4.15 show the XRD results 
for JSC-1A after TGA. There are no definable peaks, which seems to indicate that the 
resulting material is amorphous. 
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Figure 4.14. XRD results of JSC-1A before TGA. Intensity is graphed against diffraction 
angle. The peaks indicate the structure of the JSC-1A, which is composed of different 
minerals including ilmenite, olivine, quartz, and others. 
 
Figure 4.15. XRD results of JSC-1A after TGA. Intensity is graphed against diffraction 
angle. The results appear indicate that the structure is amorphous. 
4.4 TPD Results 
It is assumed that desorption follows Arrhenius behavior. Thus the rate law for a 




θ ν θ∆ = − − 
 
  (9) 
where θ is the time dependent adsorbate coverage, ν is the frequency factor, desE∆ is the 
energy of desorption, R is the ideal gas constant, 8.617 ×10-5 eV/K, T is the time dependent 
temperature, and n is the order of desorption. Hydroxyl desorption happens by 
recombinative desorption [29], which is a second order process, so n equals 2 in this case. 
The QMS measures /d dtθ , the rate of desorption, and desE∆  is determined by the 
experiment. ν  is typically 1×1013 for H2O(s). T, oθ , and t are controlled during the 
experiment. 
The results of the TPD experiments are preliminary. A sharp peak in the m/z=18, or 
H2O, desorption rate at low temperatures, is likely due to a sensitivity problem with the 
QMS. The QMS sensitivity issue does not affect the leading edge of the data, and thus 
relatively accurate leading edge analysis can still be performed. Figure 4.16 shows the 
leading edge of the TPD results. The m/z=18 signal is graphed again the temperature for 
three experiments, two with sample LHS-1 (LHS-1 R1 and LHS-1 R2) and one with sample 
LMS-1 (LMS-1 R1). As seen in the Figure 4.16, for LHS-1 R1, LHS-1 R2, and LMS-1 R1 
the signal is relatively steady until it begins to increase sharply at about 345 K.  
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Figure 4.16. Leading edge TPD results. The m/z=18 signal, or H2O desorption rate, is 
graphed against temperature for two experiments using LHS-1 as a sample (LHS1-R1 
and LHS1 R2) and one experiment using LMS-1 as a sample (LMS-1 R1). 
Leading edge analysis uses only the lower temperature data of a TPD measurement. 
At this stage in the measurement it can be assumed that θ  is constant and equal to oθ . 
Rewriting the Polanyi-Wigner equation gives  
 ( ) ( )2 desln ln ln Ed ndt RT
θ ν θ ∆  = + − 
 
  (10) 











−  and intercept ( ) ( )2ln lnnν θ+ . Figure 4.17 shows the Arrhenius plot for 
leading data. For each experiment, the natural log of the rate decreases gradually with 
increasing inverse temperature. The data for LHS-1 R1 and LMS-1 R1 are nearly identical, 
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while the data for LHS-1 R2 had a similar slope but a lower natural log of the rate compared 
to the other two experiments for comparable inverse temperature.  
 
Figure 4.17. Arrhenius plot for the leading edge data for two experiments using LHS-1 
as a sample (LHS1-R1 and LHS1 R2) and one experiment using LMS-1 as a sample 
(LMS-1 R1). 
The data in Figure 4.17 is fitted with a linear equation. Since the slope of the Polanyi-
Wigner equation written in this form is desE
R
∆
− , desE∆ can be found by multiplying the 
slope by the negative ideal gas constant. The results of leading edge analysis are shown in 
Table 4.3. In order to break the chemical bonds created by chemisorption, desE∆ must be 
reached or exceeded. So desE∆  of between 0.807 eV and 0.999 eV must be achieved to 
extract water from these regolith simulants at temperatures between 300 K and 370 K.  
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Table 4.3. The linear fit of the data plotted on an Arrhenius graph and the energy of 
desorption calculated via leading edge analysis of TPD results.  




θ   = − +   
   




θ   = − +   
   




θ   = − +   
   
 0.949 eV 
 
4.5 Regolith Characterization 
Characterization was done for JSC-1A using images such as those shown in Figure 
4.18. The simulant was sieved into three different sizes, fines (<90 µm), medium sized 
particles (90 µm-150 µm), and large particles (>150 µm), and a small fraction of each size 
was imaged. Since the simulant was sieved in this manner it is not possible to characterize 
the regolith as a whole and, thus, each size is considered separately.  
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Figure 4.18. JSC-1A particles (Image from [126]; used with permission). a) shows the 
fines (<90 µm), b) shows the medium sized particles (90 µm-150 µm), and c) shows the 
large particles (>150 µm). 
4.5.1 Fines 
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Figure 4.19 shows the histogram, fitted with a normal distribution, of the roundness 
of the JSC-1A fines. The majority of the data are between ~0.25 and ~0.8. The mean 
roundness is ~0.55. This suggests that the particles are not very spherical, as expected. 
 
Figure 4.19. Histogram of roundness with fitted normal distributions for JSC-1A fines. 
Figure 4.20 shows the histogram, fitted with a normal distribution, of the effective 
diameter of the JSC-1A fines. The majority of the data are between ~0 µm and ~100 µm. 
The mean effective diameter is ~60 µm.  
 
Figure 4.20. Histogram of effective diameter, in µm, with fitted normal distributions for 
JSC-1A fines. 
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Figure 4.21 shows the histogram, fitted with a log normal distribution, of the effective 
surface area of the JSC-1A fines. The majority of the data are between ~0 mm2 and ~0.05 
mm2. The mean effective diameter is ~0.01 mm2.  
 
Figure 4.21. Histogram of effective surface area, in mm2, with fitted normal distributions 
for JSC-1A fines. 
4.5.2 Medium Particles 
Figure 4.22 shows the histogram, fitted with a normal distribution, of the roundness 
of the JSC-1A medium particles. The majority of the data are between ~0.25 and ~0.9. The 
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mean roundness is ~0.6. This suggests that the medium particles are in general rounder 
than the fines but still not very spherical. 
 
Figure 4.22. Histogram of roundness with fitted normal distributions for JSC-1A 
medium particles. 
Figure 4.23 shows the histogram, fitted with a normal distribution, of the effective 
diameter of the JSC-1A medium particles. The majority of the data are between ~25 µm 
and ~140 µm. The mean effective diameter is ~90 µm.  
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Figure 4.23. Histogram of effective diameter, in µm, with fitted normal distributions for 
JSC-1A medium particles. 
Figure 4.24 shows the histogram, fitted with a log normal distribution, of the effective 
surface area of the JSC-1A medium particles. The majority of the data are between ~0.01 
mm2 and ~0.08 mm2. The mean effective surface area is ~0.03 mm2.  
 
Figure 4.24. Histogram of effective surface area, in mm2, with fitted normal distributions 
for JSC-1A medium particles. 
4.5.3 Large Particles 
Figure 4.25 shows the histogram, fitted with a normal distribution, of the roundness 
of the JSC-1A medium particles. The majority of the data are between ~0.4 and ~0.9. The 
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mean roundness is ~0.7. This suggests that the large particles are in general rounder than 
both the fines and the medium particles and are relatively round. 
 
Figure 4.25. Histogram of roundness with fitted normal distributions for JSC-1A large 
particles. 
Figure 4.26 shows the histogram, fitted with a normal distribution, of the effective 
diameter of the JSC-1A large particles. The majority of the data are between ~50 µm and 
~300 µm. The mean effective diameter is ~175 µm.  
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Figure 4.26. Histogram of effective diameter, in µm, with fitted normal distributions for 
JSC-1A large particles. 
Figure 4.27 shows the histogram, fitted with a log normal distribution, of the effective 
surface area of the JSC-1A medium particles. The majority of the data are between ~0.02 
mm2 and ~0.4 mm2. The mean effective surface area is ~0.09 mm2.  
 
Figure 4.27. Histogram of effective surface area, in mm2, with fitted normal distributions 
for JSC-1A large particles. 
4.5.4 Importance of Particle Size 
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Size distribution matters to TPD. Smaller particles have a greater surface area for 
equivalent mass which leads to a greater signal, since more H2O and OH are adsorbed. 
Additionally, in some cases different sizes changes the TPD results. However, the size 





CHAPTER 5. CONCLUSIONS 
This work sought to develop a theoretical framework for using concentrated solar 
irradiation to drive ISRU processes. Among these processes are the thermal extraction of 
volatiles, primarily H2O, and thermochemical processing of lunar regolith to extract O2, 
lower valence metal oxides, metals, and metalloids. Consideration was made for the 
theoretical limitations and optimal conditions for concentrating solar irradiation at different 
locations on the Moon.  
Modeling was performed to explore how equilibrium compositions are predicted to 
change with temperature at lunar pressure. O2, H2O, and metals and metalloids were 
specifically examined. Due to the presence of other volatiles, predictions for potentially 
harmful species were also created, in order to examine if dangerous amounts of these will 
evolve during extraction of H2O from the lunar regolith. Specific concentrating 
infrastructure was suggested for use for specific processes based on the results from these 
models. A simplified model of the solar resources available on the Moon was created. 
Though simplified, this model could provide insight into where ISRU facilities should be 
placed to utilize the solar resources most effectively. 
Preliminary experiments were conducted to verify these models. TGA experiments 
with LMS-1, LHS-1, and JSC-1A were conducted and showed that the thermal extraction 
of H2O is, in fact, possible. The compositional and structural changes of JSC-1A that 
happen during TGA were examined by running XRD on the regolith simulant before and 
after the experiment. TPD results analyzed by leading edge analysis examined the 
desorption behavior of H2O in lunar regolith. Desorption energies were calculated from 
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this data. The particle size of JSC-1A, which informs the TPD results, was calculated using 
an image processing code. 
5.1 Research Impacts 
This research is important as it informs solar-driven ISRU processes and design. 
Extracting H2O and O2 from the lunar regolith would reduce the resupply requirement and 
therefore, the cost of a lunar mission, allowing a lunar base to be more fiscally feasible. 
However, extracting this H2O must be done very carefully to prevent the release of harmful 
and potentially fatal volatiles. These toxic volatile predictions are relatively novel, as a 
minimal number of researchers consider their presence while designing infrastructure to 
extract H2O. Knowing where the solar resources best lend themselves to ISRU facilities 
will maximize productivity of the facilities, while simultaneously lowering mission cost by 
reducing or eliminating the need for alternative power sources. In short, the work contained 
here is essential for developing the ISRU technologies that will allow a permanent human 
presence on the Moon. 
5.2 Future Work 
The modeling work in this thesis requires more experimental validation, as only a 
few preliminary experiments have been performed to demonstrate feasibility.  
1. More TGA results, complimented by GC calibrated MS, must be obtain using 
the process described above and LMS-1, LHS-1, and JSC-1A as samples. 
This will provide better insight into the release of O2 as the lunar regolith is 
heated. 
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2. XRD results must be obtained for samples before and after they are used in 
TGA. This show how heating the regolith simulants affects the structure and 
composition. 
3. Additional TPD results must be obtained for LMS-1 and LHS-1. This will 
give more accurate desorption energies. 
4. The surface area for LMS-1, LHS-1, and JSC-1A must be determined using 
the code described above, once microscopic images of these simulants can be 
obtained. 
Some additional experiments and modeling that would be beneficial to this work 
include:  
1. TGA experiments with multiple isothermal steps. This would help optimize 
O2 extraction by determining the best temperature for this process. 
2. Differential Scanning Calorimetry (DSC) experiments. This would allow the 
determination of important properties, like the melting temperature. 
3. Brunauer–Emmett–Teller (BET) experiments. This would provide 
experimental values for the surface area. 
4. An updated solar resource model. This model would include the effects of 
topography, declination, location in the orbit around the sun, and the 18.6 year 
lunar precession and would provide better insight into where it would be most 
beneficial to place ISRU facilities. 
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In the future, more work could be done to validate the models and preliminary results 
presented here, or new infrastructure could be designed using the framework 
provided here. This work includes: 
1. Actually using concentrated solar irradiation to extract O2 from lunar regolith 
simulants. 
2. Designing an apparatus to create tools or construction materials from the lunar 
regolith. Perhaps this apparatus could include a way to capture the O2 and 
other resources that are release as a byproduct of processing the regolith. 
3. Designing a system that can extract H2O from the regolith using concentrated 
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